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We developed the parameterized post-Keplerian formalism for hybrid metric-Palatini f(R)-gravity. We obtained
analytical expressions in the generel eccentric case for four PPK parameters: ω˙, P˙b, r and s. Using observational
data of PSR J0737-3039 and PSR J1903+0327 we imposed restrictions on the parameters of hybrid f(R)-gravity
and showed that this theory is not ruled out by the observations in strong field regime. In addition we obtained
predictions for masses of systems components and found that considered astrophysical objects will be heavier
than in GR.
1. INTRODUCTION
General relativity (GR) is extremely successful the-
ory which describes huge amounts of gravitational phe-
nomena on a vast range of scales and gravitational
regimes. This theory has satisfyingly passed many tests
at different scales [1]. One of the last and, perhaps, the
main achievements of GR is the prediction of gravi-
tational waves, whose existence was registered by the
LIGO detector [2].
However, despite of this success, increased attention
is paid to theories of gravity extending GR. The main
reason for the growing interest in modified theories is
inability to fully describe the observed late-time accel-
erated expansion of the Universe in the frameworks of
GR only. Other reason for studying alternative theories
of gravity is such puzzle of modern physics as dark mat-
ter [3, 4]. Not everyone supports the idea of the need
to search for new unknown particles. Some theories
of gravity are created in order to provide a purely geo-
metric description of the phenomena attributed to dark
matter. One of such theories, which suggests a unified
approach to the problems of dark energy and dark mat-
ter, is hybrid metric-Palatini f(R)-gravity [5, 6].
Hybrid f(R)-gravity belongs to the large family of
f(R)-theories [7–9]. The f(R)-gravity is one of the sim-
plest ways to extend the Einstein-Hilbert action. All
such theories are constructed by generalizing the grav-
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itational part of the action as an arbitrary function of
the scalar curvature R. The f(R)-gravity is success-
fully applied for description of inflation in early Uni-
verse [10]. Also such theories provide a beautiful expla-
nation of late-time cosmic acceleration. Moreover, the
accelerated expansion of the Universe is natural con-
sequence of f(R)-theories. In addition, f(R)-gravity is
attractive as an alternative to the ΛCDM model, since
it allows to simultaneously describe early-time infla-
tion and late-time cosmic acceleration [11–18]. Fur-
thermore, f(R)-models are in good agreement with cos-
mological observational data and are almost indistin-
guishable from ΛCDM [19].
There are two main classes in f(R)-gravity: the met-
ric one and the Palatini one. Each class is determined
by the method of obtaining field equations. In the met-
ric f(R)-model gµν is the only dynamical variable. In
the Palatini f(R)-gravity the Riemann curvature ten-
sor is defined by the metric and the independent affine
connection. Thus, the metric approach provides fourth
order differential field equations, while in the Palatini
method these equations are of the second order [20,21].
In many papers, the question of equivalence of two
approaches has been studied in detail. In [22,23] it was
shown that the metric formalism is not equivalent to
the Palatini (first-order) formalism. More general proof
was given in the earlier work [24, 25]. It is clear that a
generic non-linear matter-gravity theory may lead also
to non-equivalent gravitational physics, depending on
the choice of either metric or Palatini description. How-
ever, in the work [26] authors prove that the Palatini
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formalism lead to accelerating universe in the same way
as it happens in the metric formalism in the case of
non-linear gravity-matter systems with the Lagrangian
L =
√−g(R + f(R)Ld) + k2Lmat(Ψ), where R is the
curvature, Ld is a scalar field Lagrangian and Lmat(Ψ)
represents a matter Lagrangian; k2 = 8piG. Then Big
Rip singularities appear in the case of effective phantom
models in vacuum universe, while quintessence models
contain Big Bang like singularities. It was also shown
that in the case of radiation models, where a radiation-
like fluid is additionally considered, both Big Rip and
Big Bang singularities appear.
However, both metric and Palatini approaches have
several shortcomings. One of the fundamental disad-
vantages of metric f(R)-gravity is problems with pass-
ing standard tests in the Solar System [27–29]. Never-
theless, a limited class of viable models in the metric
approach exists and was studied in detail in the pa-
pers [14,17,19]. Their viability is achieved through the
chameleon mechanism [13,30–32].
On the other hand, the Palatini f(R)-model can
successfully describe both the late-time cosmic accel-
eration and Solar System. But despite this attrac-
tive property, Palatini f(R)-models lead to micro-
scopic matter instabilities and to unacceptable fea-
tures in the evolution patterns of cosmological pertur-
bations [33, 34].
Recently, a new class of f(R)-theories has been pro-
posed [6]. It unites the advantages of both metric
and Palatini f(R)-theories but lacks their shortcomings.
This approach was called hybrid f(R)-theory. Such the-
ories includes the metric part and the Palatini part.
There is only one viable variant of hybrid f(R)-gravity,
when the metric part is represented by the usual scalar
curvature R, while the Palatini part is the general func-
tion of Palatini curvature R [5]. This hybrid metric-
Palatini theory of gravity can be represented as dy-
namically equivalent scalar-tensor model. In this case,
scalar field is long-range and plays an active role in
cosmology. Also it provides the description of galactic
dynamics. Moreover, the existence of such a scalar field
is consistent with experiments in local systems even if
the scalar field is very light.
The implication of hybrid f(R)-gravity was studied
in many works. For example, static Einstein Universe
was investigated in the work [35]. Also, different cos-
mological models were studied in papers [36, 37]. The
accelerated expansion of the Universe was described in
the work [38]. Moreover, the hybrid f(R)-gravity was
investigated on astrophysical scales from stars to galaxy
clusters. It was shown, that the virial mass discrepancy
in clusters of galaxies can be explained via the geo-
metric terms appearing in the generalized virial theo-
rem [39]. The hybrid f(R)-gravity also allows to explain
the rotational velocities of test particles gravitating
around galaxies. This approach allows to avoid intro-
ducing of a huge amount of dark matter [40]. Besides,
physical properties of neutron, Bose-Einstein conden-
sate and quark stars were considered [41]. Furthermore,
asymptotically anti-de Sitter wormhole solutions that
satisfy the null energy condition for the whole space-
time were obtained [42]. Also, stability of Kerr black
holes in generalized hybrid metric-Palatini gravity was
considered [43]. In a recent work [44] a complete post-
Newtonian (PPN) analysis was performed. The analyt-
ical expressions for γ and β parameters were obtained
and it was proved that other 8 PPN parameters iden-
tically equal to zero. It was shown that the light scalar
field in hybrid f(R)-gravity does not contradict the ex-
perimental data based not on all set of PPN parame-
ters. Moreover, hybrid f(R)-gravity was tested on the
binary pulsars observational data [45]. In addition, the
change of the orbital period due to gravitational radia-
tion was obtained in the quasicircular case. There are
only scalar and tensor quadrupole terms in hybrid f(R)-
gravity. Also for the first time the restriction on the
scalar field mass in hybrid f(R)-gravity was found [45].
Previously, the main attention was paid to the re-
search of hybrid f(R)-gravity in cosmology and in the
weak field limit. Only a couple of papers [41,43,45] are
devoted to the investigation of the effects in the strong
field regime. In this paper, we study manifestations of
the hybrid f(R)-theory in the strong field of binary pul-
sars. For this aim we use parametrized post-Keplerian
formalism (PPK) [46, 47].
Originally parametrized post-Keplerian formalism
was developed to obtain dynamical information from
the pulsar timing data in a theory-independent way.
This dynamical information is encoded in a certain
number of fitted post-Keplerian parameters. Accord-
ing to this formalism any modified theory of gravity
can be described by 19 PPK parameters, which are
functions of Keplerian parameters and inertial masses
of the pulsar and its companion. Experimental values
of eight PPK parameters can be obtained from pul-
sar timing, and eleven from the shape of the incoming
pulses, and all 19 parameters can be measured indepen-
dently. Thus, the PPK formalism becomes the power-
ful instrument for testing modified theories of gravity
in the strong field regime, which realized in binary pul-
sars [46, 47].
It is important to emphasize that strong field regime
in binary pulsars is not so strong as in black holes, for
example. Actually, using the term strong field regime
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in this context, we rather mean that in such systems
the field is stronger than in the Solar System [47]. In-
deed, since the pulsar is a rapidly rotating neutron
star, on the surface of such object, the gravitational
field is
(
GM
c2R
)
PSR
∼ 0.2, while for the Sun it’s only(
GM
c2R
)
⊙
∼ 10−6. In addition, the axis of the pulsar
magnetic field is shifted relatively the axis of its rota-
tion. It causes modulation of periodic signals arriving
on Earth. Due to the high stability of these pulses,
relativistic effects of orbital motion can be observed, in
particular the emission of gravitational waves. It turns
out that a strong gravitational field combined with high
stability of the arrival of pulses makes binary pulsars a
unique laboratory for the study and testing of modified
gravity theories.
The main aim of this article is test of hybrid f(R)-
gravity using parametrized post-Keplerian formalism.
In particular, we are going to obtain analytical expres-
sions for four post-Keplerian parameters: ω˙ is change of
periastron longitude, P˙b is orbital period decay, r and s
are range and shape of Shapiro time delay respectively.
Then using these expressions and observational data of
binary pulsars PSR J0737-3039 and PSR J1903+0327
we will restrict the parameters of hybrid f(R)-gravity.
The structure of the paper is the following. In sec-
tion 2 we consider the action and the field equations
of the hybrid metric-Palatini theory in a general form
and in a scalar-tensor representation. In section 3, we
discuss PPK formalism and obtain the analytical ex-
pressions for PPK parameters. Further, in section 4
we impose restrictions on the hybrid f(R)-gravity us-
ing the observational data of PSR J0737-3039 and PSR
J1903+0327. We conclude in section 5 with a summary
and discussion.
Throughout this paper the Greek indices (µ, ν, ...)
run over 0, 1, 2, 3 and the signature is (−,+,+,+). All
calculations are performed in the CGS system. The
Jordan frame is used.
2. HYBRID F(R)-GRAVITY
The action of hybrid metric-Palatini f(R)-gravity
consists of Hilbert-Einstein term and an arbitrary func-
tion of the Palatini curvature [5, 6]:
S =
c4
2k2
∫
d4x
√−g [R+ f(R)] + Sm, (1)
where c is the speed of light, k2 = 8piG, G is New-
tonian gravitational constant, R and R = gµνRµν are
the metric and Palatini curvatures respectively, g is the
metric determinant, Sm is the matter action. Here the
Palatini curvature R is defined as a function of gµν and
the independent connection Γˆαµν :
R = gµνRµν = g
µν
(
Γˆαµν,α− Γˆαµα,ν+ΓˆααλΓˆλµν− ΓˆαµλΓˆλαν
)
.
(2)
As in the case of the metric and Palatini f(R)-
theories, the action (1) can be expressed in terms of
a scalar field (for details see [5, 6]):
S =
c4
2k2
∫
d4x
√−g
[
(1 + φ)R +
3
2φ
∂µφ∂
µφ− V (φ)
]
+ Sm,
(3)
where φ is a scalar field and V (φ) is a scalar field
potential. This is the action of a non-minimally
coupled scalar field with a non-canonical kinetic
term. Then the field equations become [5, 6]:
(1 + φ)Rµν =
k2
c4
(
Tµν − 1
2
gµνT
)
− 3
2φ
∂µφ∂νφ+
1
2
gµν
[
V (φ) +∇α∇αφ
]
+∇µ∇νφ, (4)
∇µ∇µφ− 1
2φ
∂µφ∂
µφ− φ[2V (φ)− (1 + φ)Vφ]
3
= − k
2
3c4
φTm, (5)
where Tµν and Tm are the energy-momentum tensor
and its trace respectively.
3. PPK FORMALISM
The discovery of the system PSR B1913+16 in
1974 [48] provided new opportunities for testing mod-
ified theories of gravity. This system is the first dis-
covered binary pulsar. To analyze the pulsar timing
data obtained from such systems, it was necessary to
create a formalism that would allow extract informa-
tion about the system in a theory-independent way. In
1986, Damour and Deruelle developed such formalism
which allow to describe all effects up to the order
(
v2
c2
)
regardless of the gravitational theory [46]. It was called
the parametrized post-Keplerian formalism. Later, ap-
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plication of this formalism to test modified theories of
gravity was described in the work [47]. PPK formal-
ism allows to test theories of gravity in the strong field
limit similarly to parametrized post-Newtonian formal-
ism [1, 49, 50]. The main idea of PPK formalism is a
description of orbital effects in the following form [47]:
tb − t0 = F
[
T ; {pK}; {pPK}; {qPK}] , (6)
where tb denotes the solar-system barycentric (infinite-
frequency) arrival time, T is the pulsar proper time
(corrected for aberration). There are three sets of pa-
rameters [47]:
{pK} = {Pb, T0, e0, ω0, x0} (7)
is the set of Keplerian parameters, where Pb is an or-
bital period, e is an eccentricity, ω is an argument of
periastron, x is a projected semimajor axis of a pulsar’s
orbit;
{pPK} = {ω˙, γ, P˙b, r, s, δθ, e˙, x˙} (8)
is the set of separately measurable post-Keplerian pa-
rameters, where γ is a parameter of Einstein time delay,
δθ is a dimensionless parameter quantifying relativistic
deformations of orbit, e˙ is a secular change of eccen-
tricity, x˙ is a secular drift of projected semimajor axis;
and
{qPK} = {δr, A,B,D} (9)
denotes the set of not separately measurable post-
Keplerian parameters, where δr is a dimensionless pa-
rameter quantifying relativistic deformations of orbit
connected with δθ: A,B are parameters of abberation,
D is Doppler factor [47].
But in this work we take into consideration only
four PPK parameters ω˙, P˙b, r, s. Now let’s discuss each
of them in detail.
3.1. Periastron advance ω˙
Start point of our consideration is obtaining of La-
grangian describing the orbital motion. For this aim
we use the method of Einstein, Infeld and Hoffmann
(EIH) [49, 51].
Before proceeding to obtain the orbital Lagrangian
we expand the scalar φ and tensor gµν fields of hybrid
f(R)-gravity as
φ = φ0 + ϕ, gµν = ηµν + hµν , (10)
where φ0 is the asymptotic background value of the
scalar field far away from the source, ηµν is the
Minkowski background, hµν and ϕ are the small per-
turbations of tensor and scalar fields respectively. In
the general case φ0 is not a constant but the function
of time φ(t). However this dependence can be neglected
whenever its characteristic time scale is very long com-
pared with the dynamical time scale associated with
the local system itself. Thus, φ0 is taken as a constant.
The scalar potential V (φ) could be expanded in a
Taylor series around the background value of scalar
field φ0 like
V (φ) = V0 + V
′ϕ+
V ′′ϕ2
2!
+
V ′′′ϕ3
3!
... (11)
hence its derivative with respect to ϕ will
take the form Vφ = V
′ + V ′′ϕ + V ′′′ϕ2/2.
Then the scalar field mass can be expressed as
m2ϕ = [2V0 − V ′ − (1 + φ0)φ0V ′′]/3 [44].
Thus, the EIH Lagrangian takes the following form:
Lrel (R,V) ≡ µ−1LrelO (R,V) =
1
2
V
2 +
GM
R
1
(1 + φ0)
(
1− φ0
3
e−mϕR
)
+
1
8
(1− 3ν) V
4
c2
+
GM
2Rc2
[
1
(1 + φ0)
(
3 + ν +
φ0
3
e−mϕR (1− ν)
)
V
2 +
1
(1 + φ0)
(
1− φ0
3
e−mϕR
)
ν (N ·V)2 (12)
− GM
R
9e2mϕR − φ0
(
6emϕR + 1
)
(3emϕR − φ0)2
]
,
where R ≡ r1 − r2, V = v1 − v2, m,m′ are pulsar’s
and companion’s masses, M = m + m′ denotes total
mass, µ = mm
′
m+m′ is effective mass, ν =
µ
M , N is unit
vector in direction of emission in the pulsar comoving
frame.
Since Lagrangian (12) is invariant under time shifts
and spatial rotations, there are four first integrals of
motion: the energy of the system E and angular mo-
mentum J:
E = V · ∂L
rel
∂V
− Lrel, J = R× ∂L
rel
∂V
. (13)
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Using expression (12) it is possible to represent energy
and angular momentum in the following forms:
E =
1
2
V
2 − GM
R
1
(1 + φ0)
(
1− φ0
3
e−mϕR
)
+
3
8
(1− 3ν) V
4
c2
+
GM
2Rc2
[
1
(1 + φ0)
(
3 + ν +
φ0
3
e−mϕR (1− ν)
)
V
2
+
(N ·V)2
(1 + φ0)
(
1− φ0
3
e−mϕR
)
ν
+
GM
R
9e2mϕR − φ0
(
6emϕR + 1
)
(3emϕR − φ0)2
]
,
(14)
J =R×V
[
1 +
1
2
(1− 3ν) V
2
c2
+
GM
Rc2
1
(1 + φ0)
(
3 + ν +
φ0
3
e−mϕR (1− ν)
)]
.
(15)
The existence of the first integral (15) means that
the system components move in the coordinate plane.
So it’s convenient to turn to the polar coordinates
{R, θ}: Rx = R cos θ, Ry = R sin θ and Rz = 0. Then,
using the identities:
V
2 =
(
dR
dt
)2
+R2
(
dθ
dt
)2
,
|R×V| = R2 dθ
dt
,
(N ·V) = dR
dt
,
(16)
and neglecting all terms up to the order
(
v
c
)2
, we can
represent the equations of relative motion in polar co-
ordinates using expressions for the first integrals (14)-
(15): (
dR
dt
)2
= A+
2B
R
+
C
R2
+
D
R3
, (17)
dθ
dt
=
H
R2
+
I
R3
, (18)
where
A = 2E
[
1 +
3
2
(3ν − 1) E
c2
]
, (19)
B = GM
1
(1 + φ0)
{[
1− φ0
3
e−mϕR
]
(20)
+
[
7ν − 6− φ0
3
e−mϕR (7ν − 2)
]
E
c2
}
, (21)
C = −J2
[
1 + 2 (3ν − 1) E
c2
]
(22)
+
{
1− φ0
3
e−mϕR
(1 + φ0)
2
[
5ν − 9− φ0
3
e−mϕR (5ν − 1)
]
− 9e
2mϕR − φ0
(
6emϕR + 1
)
(3emϕR − φ0)2
}
G2M2
c2
, (23)
D =
1
(1 + φ0)
[
−3ν
(
1− φ0
3
e−mϕR
)
+ 8
]
GMJ2
c2
,
(24)
H = J
[
1 + (3ν − 1) E
c2
]
, (25)
I =
1
(1 + φ0)
[
2ν
(
1− φ0
3
e−mϕR
)
− 4
]
GMJ
c2
. (26)
Follow the method described in [46], we solve these
equations and obtain expression for the periastron ad-
vance:
ω˙ = n (K − 1) , (27)
where n is average motion:
n =
(−2E)3/2 (1 + φ0)
GM
(
1− φ0
3
)
{
1− 1
4
(
1− φ0
3
) (28)
×
[
ν − 15− φ0
3
(ν + 1)
]
E
c2
− GMφ0
2E (1 + φ0)
mϕ
}
,
(29)
K =
He
n(a′′)2
√
1− e2θ
, (30)
where eθ is an effective eccentricity:
e2θ =1 +
2E (1 + φ0)
2
G2M2
(
1− φ0
3
)2
×
{
1 +
[
17
2
ν − 7
2
− 4
1− φ0
3
[
2ν + 1
− φ0
3
(2ν − 1)
]]
E
c2
}{
J2 +
[
1− φ0
3
(1 + φ0)
2
[
−7− φ0
3
]
+
9− 7φ0
9
(
1− φ0
3
)2
]
G2M2
c2
}
+
2φ0 (1 + φ0)J
2
2GM
(
1− φ0
3
)2mϕ,
(31)
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and a′′ is an effective semimajor axis:
a′′ =− GM
2E (1 + φ0)
[
1− φ0
3
]{
1− [1− 3ν] E
2c2
}
+
(
GM
2E (1 + φ0)
)2 [
1− φ0
3
]
2φ0
3
mϕ.
(32)
Here we also used the following notification:
He =J
[
1 + (3ν − 1) E
c2
]
. (33)
To obtain this result we considered the case of light
scalar field mφR << 1. The scalar field mass is respon-
sible for dark energy effect. The manifestations of influ-
ence of this effect start from the distances much larger
than the separation of components in binary pulsars.
Therefore, we can neglect the terms of the form
mϕ
c2 ,
and use the Taylor expansion of the function e−mϕR.
As a result, we obtain the follow-
ing expression for periastron advance:
ω˙ =
(GM)
2/3
pi (2pi)
2/3
c2P
5/3
b (1− e2)
(1 + φ0)
4/3(
1− φ0
3
)4/3


1− φ0
3
(1 + φ0)
2
[
7 +
φ0
3
]
− 9− 7φ0
9
(
1− φ0
3
)2

− (GM)
1/3 4φ0
(
42pi
)1/3
3P
1/3
b (1 + φ0)
1/3
(
1− φ0
3
)2/3mϕ.
(34)
3.1.1. PPK parameters s and r
Now we turn to the Shapiro time delay. Firstly we
consider the parameter s which characterizes the shape
of Shapiro time delay and is equal to the sine of the or-
bit inclination sin i.
A motion in binary system obeys the Kepler’s third
law:
a3(2pi/Pb)
2 = Geffm, (35)
where a is semi-major axis of relative orbit, Geff is ef-
fective gravitational constant [44]:
Geff =
G
(1 + φ0)
(
1− φ0
3
e−mϕR
)
. (36)
We considered the case of light scalar field mφR << 1.
Since based on Kepler’s third law for hybrid f(R)-
gravity (36) we can find semimajor axis a:
a =
(
GMP 2b
4pi2 (1 + φ0)
)1/3(
1− φ0
3
)1/3
. (37)
By definition the semimajor axis of pulsar orbit
about the center of mass a1 =
m2a
M ≡ cxsin i , so using
the expression for a (37), we obtain:
s = sin i =
cxM
m2a
=
cx
(
4pi2
)1/3
M2/3
G1/3P
2/3
b m2

 1 + φ0
1− φ0
3


1/3
.
(38)
The next parameter r describes the range of Shapiro
time delay. To express this parameter it is necessary to
use the equation of photon motion along null geodesics:
−1 + h(2)00 +
(
δij + h
(2)
ij
)
uiuj = 0, (39)
where
h
(2)
00 =
2
c2
Geff
M
R
, (40)
h
(2)
ij =
2
c2
Geff
M
R
δij (41)
(42)
are perturbations of the metric up to the order
O(2) [44], δij is the Kronecker delta. Also it is necessary
to take into account that uµ = dxµa/dτa is four-velocity
of the a-th particle, dτ =
√−ds2/c, ds2 = gµνdxµdxν
is an interval.
Thus (39) takes the form:
−1 + 2
c2
Geff
m2
r
+
(
1 +
2
c2
GeffγPPN
m2
r
)
|u|2 = 0,
(43)
where
γPPN =
1 +
φ0
3
e−mϕR
1− φ0
3
e−mϕR
(44)
is the effective post-Newtonian parameter γ [44].
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If the photon was emitted at the point xe in the
direction of n at the time te, then its trajectory tak-
ing into account the post-Newtonian (PN) corrections
xiPN(t) is described by the expression:
xi(t) = xie + n
i (t− te) + xiPN(t). (45)
Using identity
|u|2 = 1 + 2
(
n · dxPN(t)
dt
)
= 1 + 2
dx
‖
PN(t)
dt
+O(c4),
(46)
we obtain
dx
‖
PN(t)
dt
= − 1
c2
Geff (1 + γPPN)
m2
r
. (47)
Then the time of photon traveling from xe to x and
back equal to:
∆t =
2
c
|x− xe| − 1
c3
t∫
te
GeffPPN (1 + γPPN )
m2
r
dt′,
(48)
and the parameter r from the Shapiro time delay, re-
spectively equal [47, 52]
r =
Gm2
c3 (1 + φ0)
. (49)
3.1.2. First derivative of orbital period P˙b
In [45] we considered first derivative of orbital pe-
riod in the case of quasicircular orbit. But in this article
we obtain expression for gravitational energy flux from
binary pulsars in the general case of an eccentric orbit:〈
E˙grav
〉
=
〈
E˙tensor
〉
+
〈
E˙scalar
〉
, (50)
where tensor part is
〈
E˙tensor
〉
= − G
5c5(1 + φ0)
〈
...
M
kl ...
Mkl − 1
3
(
...
M
kk
)2
〉
,
(51)
Mij =
∑
a
ma(φ)rai (t)r
a
j (t) (52)
is quadrupole moment and scalar part is
〈
E˙scalar
〉
=
2c5Gφ0
6(1 + φ0)
∫
dz1dz2J1(z1)J2(z2)
〈
1
c6
M˙0M˙1
+
1
6c8
(
2M¨k1M¨k2 + M˙0
...Mkk3 + M˙1
...Mkk2
)
+
1
60c10
(
2
...Mkl2
...Mkl3 +
...Mkk2
...Mll3
)
+
1
30c10
(
M¨k1
....Mkll4 + M¨k2
....Mkll3
)〉
,
(53)
where J1(z) is the first order Bessel function,
z = mϕ
√
c2(t− t′)2 − |r− r′|2 and
MLl = Mi1i2...ill (t, r, z) =
∑
a
(
Ma(t− r/c)rLa (t− r/c)
−u−(l+1)(r, z)Ma(t− ru(r, z)/c)rLa (t− ru(r, z)/c)
)
,
(54)
where
Ma(t) = ma
[
1− v
2
a
2c2
− 3
∑
b6=a
Gmb
rab(t)c2(1 + φ0)
(55)
− Gφ0
c2(1 + φ0)
∑
b6=a
mb
rab(t)
e−mϕR
]
.
(56)
Here rLa (t) = r
i1
a (t)r
i2
a (t)...r
il
a (t), u(r, z) =
√
1 + (z/mϕr)2,
ma and va are mass and velocity of object a respec-
tively. Dots denote derivatives with respect to time.
Unlike the derivation of the expression for the first
derivative of the orbital period shown in [45], here we
use the case of the eccentric orbit:
r =
a(1− e2)
1 + e cos θ
.
Obtaining this equation we also suggest that scalar
field is very light. Thus calculating the energy flux
due to the gravitational radiation and using the ex-
pression [45]:
E˙
E
= −2
3
P˙b
Pb
, (57)
we find:
P˙b
P˙GRb
=
(1 − φ03 )2/3
(1 + φ0)5/3
[
1 +
(19φ0 − 57)φ0
15552(1− φ03 )3(1 + 7324e2 + 3796e4)
(
1
19
((15e4 + 64e2 − 12)(3− φ0)2
−8973
152
((
φ20 +
5538φ0
997
+ 9
)
e4 +
(
62200φ20
8973
+
117520φ0
2991
+
62200
997
)
e2 +
17440
997
+
34240φ0
2991
+
17440φ20
8973
))]
.
(58)7
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Thus the change of the orbital period in binary pul-
sars occurs due to energy loss to scalar and tensor ra-
diation. The expression (58) includes tensor and scalar
parts. There is only quarupole contribution in the ten-
sor sector. The tensor part coincides with the value of
the orbital period decay predicted by GR up to the
effective gravitational constant Geff between compo-
nents of system. The scalar sector includes PN cor-
rections to the monopole term, monopole-quadrupole
and quadrupole contributions. The monopole term
vanishes in the quasi-circular approximation [45] but
in the eccentric case it survives, same as monopole-
quadrupole contribution. It is also important to em-
phasize that hybrid f(R)-gravity does not predict the
presence of scalar dipole radiation either in the quasi-
circular or in the more general eccentric case.
4. OBSERVATIONAL LIMITS
For the PPK test we used data from two binary
systems with a pulsar: PSR J0737-3039 [53] and PSR
J1903+0327 [54]. First of them is system, which con-
sists of two pulsars and the second is mixed system,
which includes pulsar and the main sequence star.
PSR J0737-3039 is the only known double binary
pulsar. The extraordinary closeness of the system com-
ponents, small orbital period and the fact that we see
almost edge-on system allow to investigate the manifes-
tation of relativistic effects with the highest available
precision. Since the system PSR J0737-3039 compo-
nents are pulsars it is possible to measure semi-major
axis of the orbit for each component. This fact leads
to the possibility to obtain value of ratio:
a2
a1
=
m1
m2
= R, (59)
i.e. the ratio of the masses can be measured directly.
All the mentioned facts make PSR J0737-3039 good
laboratory for testing modified theories of gravity [53].
It is important to note that we used this system to test
the hybrid f(R)-theory in the case of a quasicircular or-
bit. Indeed, the eccentricity of the orbit is small in this
system, however, taking into account its nonzero values
we improve the accuracy of the restrictions imposed on
the considered model.
It is necessary to emphasize that the observational
value of the orbital period change P˙b can include vari-
ous components which have the different nature: intrin-
sic and kinematic effects [47,55]. We are interested only
Table 1. Parameters PSR J0737-3039 [53]
Parameter Physical Experimental
meaning value
Pb(day) orbital period 0.10225156248(5)
e eccentricity 0.0877775(9)
x(s) projected 1.415032(1)
semimajor axis
of the pulsar orbit
ω˙(deg/yr) secular advance 16.89947(68)
of the periastron
P˙b secular change of −1.252(17)
the orbital period ×10−12
s Shapiro “shape” 0.99974+16−39
delay parameter
r(µs) Shapiro “range” 6.21(33)
delay parameter
R =
m1
m2
mass ratio 1.0714(11)
in such systems where the dominant part of observable
P˙b is the orbital period change due to the emission
of gravitational waves. Thus we don’t consider binary
pulsars where effects of the mass loss and tidal torques
are important in relation to the effect of gravitational
radiation.
We used the method of testing models of gravity
from the work [47] and our additions. We plot the
curves representing post-Keplerian parameters on the
plane, in the Y -axis we put the allowed values of the
companion masses m2 and in the X-axis we put possi-
ble values of the pulsar m1 masses. The region of all
curves intersection within the measured accuracy dis-
plays the possible range of the pulsar’s mass and its
companion. For the appropriate gravity model all the
curves of post-Keplerian parameters should ”meet” at
one point (taking into account the accuracy). However,
if the curves diverge at some values of the model pa-
rameters, this means that at these values the theory
does not work.
In this work we obtained the analytical expressions
for four PPK parameters: ω˙, P˙b, r, s. Then using ob-
servational data from PSR J0737-3039 (see Table 1) we
represented all these parameters on the fig. 1. Chang-
ing parameters of hybrid f(R)-gravity φ0 and mφ we
find values of these parameters where curves don’t in-
tersect within the measurement accuracy. Thus we im-
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pose restrictions on hybrid f(R)gravity: φ0 < 0.001
and
φ0mφ
(1+φ)
1
3 (1−
φ0
3
)
2
3
< 1.3 × 10−17. But in fact we
can’t impose restrictions on the scalar field mass, since
we managed to restrict only the above combination.
In addition, we obtained predictions for the masses
of system components in the frameworks of hybrid
f(R)-gravity: 1.3374 M⊙ < m1 < 1.3440 M⊙ and
1.2482 M⊙ < m2 < 1.2537 M⊙. At the same
time, GR predicts the following mass values in this
system: 1.3374 M⊙ < m1 < 1.3388 M⊙ and
1.2482 M⊙ < m2 < 1.2496 M⊙ [53]. As we can
see the presence of a scalar field increases the possible
observed masses of pulsars.
a)
2,
1,
r
R
s
Pb
.
ω
.
b)
r
R
s
Pb
.
ω
.
1,
2,
Fig. 1. Mass-mass diagrams for PSR J0737-3039. The
width of each curve represents ±1σ error bounds. a) GR
case; b) hybrid f(R)-gravity case at boundary values of
model parameters.
As another system, we chose PSR J1903+0327, be-
cause in this binary pulsar three post-Keplerian param-
eters are measured quite accurately and the system has
a large eccentricity. Unfortunately in this system it is
not possible to extract the part of orbital period change
which is connected with gravitational radiation. Thus,
we based on ω˙, r, s and also on mass ratio which is mea-
sured in theory-independent way [54]. Using data from
PSR J1903+0327 (see Table 2) we obtain this restric-
tions: φ0 < 0.02 and
φ0mφ
(1+φ)
1
3 (1−
φ0
3
)
2
3
< 2 × 10−20. Re-
sults of our investigation are presented on the fig. 2. As
we can see restrictions on φ0 from data of PSR J0737-
3039 better than from data of PSR J1903+0327. In
this system we also obtained predictions for the system
components masses: 1.021 M⊙ < mmss < 1.08 M⊙
and 1.646 M⊙ < mp < 1.785 M⊙ (mp is mass of
the pulsar, mmss is mass of its companion). The up-
per limit will also exceed the upper limit predicted
by GR: 1.021 M⊙ < mmss < 1.037 M⊙ and
1.646 M⊙ < mp < 1.688 M⊙ [54].
Table 2. Parameters PSR J1903+0327
Parameter Physical Experimental
meaning value
Pb(day) orbital period 95.174118753(14)
e eccentricity 0.436678409(3)
x(lt− s) projected 105.5934643(5)
semimajor axis
of the pulsar orbit
ω˙(deg/yr) secular advance of 0.0002400(2)
the periastron
s Shapiro “shape” 0.9760(15)
delay
parameter
r(µs) Shapiro “range” 1.03(3)
delay
parameter
R =
mp
mmss
mass ratio 1.55(20)
5. CONCLUSIONS
In this work we developed parametrized post-
Keplerian formalism for hybrid metric-Palatini f(R)-
gravity. We obtained analytical expressions for four
PPK parameters: ω˙, P˙b, r, s. Unlike previous work [45],
we considered binary pulsars with eccentric orbits. To
impose restrictions on the model parameters of hybrid
f(R)-gravity we used the observational data of PSR
9
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a)
r
s
R
ω
.
mss,
p,
b)
mss,
p,
R
r
s
ω
.
Fig. 2. Mass-mass diagrams for PSR J1903+0327. The
width of each curve represents ±1σ error bounds. a) GR
case; b) hybrid f(R)-gravity case at boundary values of
model parameters.
J0737-3039 and PSR J1903+0327. We constrained the
background value of the scalar field and the combina-
tion of parameters containing the scalar field mass.
In addition we obtained the expression for orbital
period change for binary pulsars with eccentric orbit.
It includes tensor quadrupole and scalar monopole,
monopole-quadrupole and quadrupole contributions.
We showed that hybrid f(R)-gravity does not predict
the existence of scalar dipole radiation.
Also we obtained masses of components in systems
PSR J0737-3039 and PSR J1903+0327 in the frame-
work of hybrid f(R)-gravity. We showed that hybrid
f(R)-gravity predicts larger masses than GR. This re-
sult was expected, as in [41] it was shown that in the
frameworks of hybrid f(R)-gravity neutron stars are
heavier than in GR.
The main purpose of this article was to test hybrid
f(R)-gravity with light scalar field using the observa-
tional data obtained from astrophysical objects with
strong gravitational field like binary pulsars. Previ-
ously, we showed the viability of this model testing it
with only one PPK parameter the orbital period change
in approximation of quasicircular orbits [45]. In this pa-
per we provided more complete PPK test in the more
general case of eccentric orbit. Thus, this article con-
tinues a number of our works [44,45], where we proved
that the existence of a light scalar field in hybrid metric-
Palatini f(R)-gravity that generates long-range forces
does not contradict the data obtained from local sys-
tems with both a weak (Solar System) and a strong
gravitational field (binary pulsars).
As the next step, we plan to carry out a theoret-
ical calculations of the mass-radius-luminosity depen-
dence in the framework of hybrid f(R)-gravity and to
impose restrictions on the free parameters of this the-
ory from observational photometric data. Such study
will also allow to obtain predictions of hybrid f(R)-
theory regarding the masses of main sequence stars.
Since the companion of the pulsar in the system PSR
J1903+0327 is a the main sequence star, it becomes
possible to compare the mass of this object obtained
from pulsar timing and from photometric data in the
framework of hybrid f(R)-gravity, what will become an
additional reliable test of this theory.
This work was supported by the grant 18-32-00785
from Russian Foundation for Basic Research.
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